New sensitive population screening procedures, such as isoelectric focusing, enzyme activity assays and the use of multiple electrophoretic conditions have uncovered considerable hidden variation at many structural loci. It has been suggested, however, that a significant portion of the newly identified variation is due to alleles at modifier genes which cause the post-translational modification of the structural gene product. Some investigators have questioned whether genetic variability assigned to structural loci in Drosophila has been greatly overestimated because of a failure to recognize the existence of such polymorphic modifier genes. Data from human populations has been reviewed for evidence of such genetically mediated posttranslational modification (GMPTM).
INTRODUCTION
Until very recently, the study of biochemical genetic variation in human populations has relied predominantly upon electrophoretic screening techniques to detect allelic variation. Average heterozygosities in different major racial groups have been estimated to lie in the range 6-10% (Harris and Hopkinson 1972; Nei and Roychoudhury 1974, 1982) . Lately, however, the application of electrophoresis for the screening of genetic variation in natural populations has dramatically changed. New techniques have been introduced which promise to detect more of the "hidden" variability which is not detected by standard methods of starch gel or polyacrylamide gel electrophoresis.
These innovations include isoelectric focusing in polyacrylamide gels, various sequential screening procedures, two-dimensional electrophoresis, and nonelectrophoretic techniques which depend upon biochemical properties of allelic variants such as heat stability or substrate specificity. Some of these methods may increase the estimated average heterozygosity in a population, compared to the values obtained by more traditional screening methods, because they separate previously undifferentiated alleles (Ayala 1982) , while others may have an unknown effect because they are increasing the number and type of loci which are being sampled, but with an undetermined sensitivity to allelic differences (McConkey, Taylor and Phan 1979; McLellan, Ames and Nikaido 1983) . Nei and Roychoudhury (1982) reanalyzed the data on genetic variation in major racial groups and reported that average heterozygosity levels for protein loci were increased to the range 12-16% when they included loci for which new screening methods (excluding two-dimensional electrophoresis) had been used during the collection of gene frequency data.
Some investigators question, however, whether all the variability being uncovered by new screening methods is really due to the structural locus which we think is being studied (Johnson 1979) . and Finnerty, McCarron and Johnson (1979) , presented results gathered by the method of gel sieving (Johnson 1975 ) which strongly suggested that genetically determined post-translational modification contributes to the levels of electrophoretic variability previously attributed to the structural loci for xanthine dehydrogenase and aldehyde oxidase in Drosophila melanogaster. This post-translational modification is mediated by genes other than the structural loci under consideration. Furthermore, these workers suggested that such systems may be responsible for a presently undetermined, but significant portion of the observed electrophoretic polymorphism in natural poputions which we now ascribe to variation at many structural gene loci. Specifically, they state that "much of the enzyme variation reported in natural populations may reflect modifications of primary gene products mediated by one or more other loci" (Finnerty and Johnson 1979, p. 696) . Further studies of other loci by this same group suggest that polymorphism attributable to post-translational modification may occur at most loci in Drosophila melanogaster (Johnson 1979) .
The experimental assessment of levels of genetic variation in natural populations, and attempts to understand the physiological, ecological and evolutionary meaning of this variation continue to be central goals in population genetics.
Demonstration that a significant fraction of the reported variation at structural gene loci is actually due to variation at modifier loci would have profound implications for both experimental and theoretical population genetics.
Data have recently been presented that genetically mediated post-translational modification does exist in natural populatiosn of Drosophila and E. coli (Johnson et al. 1980; Johnson, Finnerty and Hart11981; Dykhuisen et al. 1985) . Harris (1969) , Hopkinson and Harris (1971) , Turner, Fisher and Harris (1975) and Harris and Hopkinson (1977) have amply documented that post-translational modification is an important factor determining the isozyme patterns observed for human enzymes. They reviewed several mechanisms which cause the production of secondary isozymes, but failed to report any examples which precisely coincide with the situation described in D, melanogaster. Post-translational modification certainly is occuring and does seem to play a central role in normal cell aging (Dreyf us, Kahn and Schapira 1978) . In this paper we will review data on genetic variation for several loci in human population. We believe that these data are informative for judging the extent to which modifier loci contribute to current estimates of the levels of structural genetic variation. In this paper we will be concerned only with the potential existence of post-translational modifications which affect variation for enzyme or structural protein loci; we have not condsidered here any post-translational alteration of immunological or blood group variability, for which the structural basis of variation may be less clear.
ASSUMPTIONS
OF THE ANALYSIS Johnson (1979) and listed several observations which led them to propose that genetically mediated post-translational modification, abbreviated as GMPTM, is making an important contribution to the levels of measured electrophoretic variability in natural populations. Their interpretations are most relevant to variability which has not normally been detectable by using a single "standard" screening method, and which has therefore been classified until recently as "hidden" variation.
In human surveys, this class would include variation which is detected by multiple electrophoretic or isoelectric focusing techniques, by examination of kinetic or stability properties of the protein, or by the structural analysis (amino acid or nucleic acid sequence) of a variant. Johnson (1979) and identified three "unresolved" problems which affect our interpretation of data at many loci: (1) levels of genic variability which are higher than predicted by any of the current theories of population genetics, (2) deficiency of detectable heterozygotes for many newly discovered variants, and (3) the existence of "too many" rare alleles. We will address each of these problems. Further implications of GMPTM were raised in a series of letters (Coyne, Eanes and Lewontin 1979; Singh 1979; Johnson and Finnerty 1979a,b) . Discussion focused on the Mendelian segregation patterns which are expected to occur when variability exists in the population at both structural and regulatory loci, and the related problem of genetic interpretation when modification is found to be dependent upon the presence of a specific structural allele, but does not occur for other alleles ("allele specificity of modifier"). presented a detailed discussion of the isozyme patterns expected when variability exists at the structural locus or at the modifier locus, but did not deal with the situation in which variability occurs at both. In view of the structural variability which is estimated to exist at a large proportion of the enzyme loci in man, it is important to consider the isozyme patterns expected when heterozygosity exists within a family for both structural and regulatory loci. First, following the arguments of and Johnson (1979) , we assume that modification will occur in a dominantly inherited fashion. It is difficult to envision a codominant modifier, unless such a modifier was closely linked to the structural locus and affected only the cis-linked structural allele (Coyne, Eanes and Lewontin 1979) . We also assume that variability at the modifier locus is sufficiently rare that we can usually ignore the presence of homozygosity for modifiers. Finally, we assume, following Coyne, Eanes and Lewontin (1979) , that the modifier affects all structural alleles at a locus, and changes the mobility of any particular structural allele in such a way that a "new" variant electromorph would be produced and attributed to the structural locus. Allele specificity of modifiers (Johnson and Finnerty 1979a ) might occur, but unless most common alleles are subject to modification it would be difficult to conclude that GMPTM is very important.
Under the null hypothesis of no GMPTM, electrophoretic variability would normally be inherited in a codominant fashion (Harris and Hopkinson 1977) .
To investigate the inheritance of potential modifier variability, we must specify the manner in which a modifier will alter the phenotypic ratios which appear in a pedigree. The expected progeny phenotypes for various matings involving structural and/or modifier heterozygosity are given in Tables 1 and  2 for the case of a sex-linked and an autosomal structural locus, respectively. The case of an X-linked modifier locus can easily be worked out and has not been presented here. The majority of data from humans which bears on the question of GMPTM does not usually contain extensive family pedigree data, but usually consists of information about sets of single families. Consequently, the phenotypic expectations in Tables 1 and 2 are not presented in terms of progeny frequencies, but rather simply in terms of the potential phenotypes which could result from any particular mating. It can be seen in both tables that all matings which involve heterozygosity for the modifier locus will produce some "new" progeny phenotypes which are inconsistent with an hypothesized codominant transmission of allelic variation for the structural locus. Even if we assume that there is dominantly inherited structural variation, all matings in which both loci are variable should produce unexpected progeny (when compared to structural variability Table 1 . Potential mattings and expected offspring phenotypes when an X-linked structural gene product is subjected to genetically mediated post-translational modification alone) and matings involving an X-linked structural locus in association with autosomal variability for the modifier, will also produce unusual progeny (Table 1 ). The tables suggest that examination of family and population data should certainly be capable of providing positive evidence about the hypothesis that modifier variability acting through GMPTM is an important cause of electrophoretic variability, and a source of bias in the estimate of average heterozygosity in human populations.
3, MATERIALS AND METHODS
A complete review of the literature on genetic variation in humans is not feasible.
Instead, we present a summary of the findings with respect to several informative loci, where the probability of detecting the effect of GMPTM is especially high. Three specific loci have been especially emphasized. These loci and the reasons for their selection are :
1) Glucose-6-phosphate dehydrogenase (G6PD)-this enzyme has been the subject of a large number of studies using a wide array of screening criteria in addition to standard electrophoresis.
The X-linked nature of the gene also makes it easier to search for evidence of genetic segregation of a G6PD phenotype which would be incompatible with G6PD structural gene variation.
2) Hemoglobin (HB)-The products of the human a, j9, o, and Y hemoglobin loci have been the most intensively studied gene products in any higher organism. The involvement of multiple gene loci, with multiple variant alleles, and the availability of structural and functional studies on most of the reported genetic variants, together with the sheer volume of available data makes hemoglobin an ideal focus in the search for GMPTM effects.
3) Alpha-1-antitrypsin (Pi)-This locus has seen a startling increase in the reported number of alleles following the introduction of new screening procedures, especially isoelectric focusing. Data on both structural and biochemical properties exist for several of these alleles. In vivo posttranslational modification is involved in the production of the various isozymes which characterize the multibanded electrophoretic pattern obtained from the products of the locus. This system thus has a very high likelihood of yielding evidence of GMPTM, if it exists.
In addition to data for these three principal loci, other sources of information which have been examined include : 4) Data for other loci which have variant alleles for which structural studies have been performed-These include carbonic anhydrase-1 and phos-phoglycerate kinase. Data from loci for which specific studies of post-translational modification have been conducted can also be examined. 5) Data on the cotransmission of two traits associated with a specific presumptive variant allele. These data will also include information on the frequency and family inheritance of null and activity alleles. 6) Data from population surveys-Population screening data can be used to address directly some of the "problems" cited by Johnson (1979) and , and interpreted by them as being incompatible with simple structural gene variation. Among these problems are the "unexpectedly" high levels of genetic variation found when using new methods, and the apparent excess of rare alleles which is sometime discovered. 7) Somatic cell hybridization studies-The random loss of human chromosomes from human/rodent somatic cell hybrids provides a unique opportunity to search for the independent segregation of structural and modifier loci in cultured cell lines carrying various combinations of human chromosomes. Since almost all human polymorphic enzyme loci which are routinely typed in population surveys have been assigned to specific chromosomes by the somatic cell hybrid technique, there have been many opportunities to observe such independently segregating modifier loci, if they exist. We are convinced that the data on human genetic variation presented here is representative of all available human data on biochemical electrophoretically detectable loci.
THE DATE
Glucose-6-Phosphate Dehydrogenase (G 6 PD)
Mammalian G 6 PD is a dimeric. X-linked enzyme, which functions physiologically to control the production of NADH (Ohno 1975; Yoshida 1973) . Extensive data on over 200 distinct alleles have been collected using many different screening techniques for the genetic variation of the G6PD enzyme in man (Marti, Fischer and Killer 1977; Yoshida and Beutler 1983) . Criteria used to classify variants often make use of a standard set of characteristics which include residual enzyme activity in erythrocytes, Km's for glucose-6-phosphate and NADP, rate of utilization of the substrate analogue 2-deoxyglucose-6-phosphate or the cofactor analogue deamino-NADP, heat stability, pH optimum, and electrophoretic migration under different electrophoretic conditions (Yoshida and Beutler 1983) . Other methods which have been used to differentiate some variants include isoelectric focusing (Vergnes and Brun 1979) , column chromatography (Usanga et al. 1977) , and the use of multivariate analysis (Vergnes, Bonnet and Grozdea 1985) . Beutler (1978) tabulated data on over 120 genetic variants of human G 6 PD . Most of these variants are rare in all populations, but a few attain polymorphic frequencies in some populations. Of these 120 variants, 37 show mild to severe enzyme deficiency without being electrophoretically distinguishable from the normal G 6 PD-B allele product under the conditions used to study them. Thermal stability data are available for 104 G 6 PD variants ; 78 variants differ in thermal stability from the G6PD-B allele. Alleles often share many properties, but most are uniquely identified when the entire set of physiochemical characters are considered. All of this variation has been ascribed to structural differences at the G 6 PD locus. Table 1 shows possible progeny resulting from matings which involve allelic variants at an X-linked structural gene locus and alleles at a modifier locus on an autosomal chromosome. Matings 1 through 4 in Table 1 involve no modifier variability.
They are expected to be observed in any potential test population, the presence of variation at a modifier locus obviously increases the number of possible genotypes expected in the progeny (see matings 5 to 12, Table 1 ). The presence of an autosomal locus which causes the post-translational modification of G 6 PD, and which possessed allelic variants that cause different modifications (or a locus at which some alleles cause modifications while others do not), would lead to segregation of G 6 PD variants in family studies in a manner that is incompatible with X-linkage. All matings in Table 1 which involve modifier heterozygosity produce some progeny which are incompatible with a single X-linked structural gene. Despite a large number of family studies on the genetic transmission of G 6 PD, no such cases have been reported (Giblett 1969; Beutler 1978) . X-linked inheritance has invariably been observed for electrophoretic, stability, or activity variants of G 6 PD. Some allelic variants are different from the other alleles for both electrophoretic mobility and enzyme activity. For all such alleles, the two properties show concordant segregation when studied in families ; no new properties were found in the progeny, such as should be seen for matings 5, 6, or 7 from Table I ( Kahn et al. 1976b, c; Gherardi et al. 1976) .
The interpretation that GMPTM does not contribute significantly to G 6 PD variation is further supported by independent segregation of multiple G 6 PD variants within the same family (Lenzerini et al. 1969; Vergnes et al. 1976; Usanga et al. 1977) . These families represent potential examples of matings 8 or 9 from Table 1 . Nevertheless, (with the possibility of a single exception, Gahr and Schrote 1975) no family has been reported to have discordant segregation, nor has there been any appearance in the progeny of these families of electrophoretic mobility, activity or thermal stability variation which was different from that observed in the parents.
If trans-dominant post-translational modifier action were operating within this enzyme system, one would expect to observe some phenotypic evidence of independent assort-ment of modifier and structural loci, exemplified in the progeny types of Table 1 .
It is possible that differences in measured enzyme activity for G 6 PD might be caused by regulation of protein synthesis by a modifier locus. If this is so, the consequent interpretation of such activity differences as being caused by structural allele differences would be erroneous. This possibility has been tested for a series of eighteen variants by Kahn (1978) who concluded that reduced activity was related to either a reduced catalytic activity of the variant, or to increased lability of a variant which would lead to decreased activity in older erythrocytes.
No evidence of decreased synthesis or of differential posttranslational modification was seen for this series of variants. Studies by Kahn's group and others indicate, however, that a significant number of post-translational changes in the characteristics of G 6 PD do accompany cell aging (Dreyfus, Kahn and Schapira 1978; Kahn et al. 1974 Kahn et al. ,1976a Rozenszajn et al. 1979; Fornaini et al. 1969) . These alterations include the appearance of secondary isozymes which have isoelectric points different from the initial form. The appearance of these secondary isozymes accompanies changes in the kinetic properties of G 6 PD in older cells, as well as the changes in the ratio of enzymatic activity to immunological activity, suggesting that there is a partial inactivation of the enzyme. Electrophoretic properties of G 6 PD on starch gels are not significantly altered by aging (Fornaini et al. 1969) . Treatment of G 6 PD with neuraminidase has no effect on the electrophoretic patterns, indicating that the enzyme is not subject to siaylations which could be misinterpreted as structural alterations (Kahn et al. 1974 ). None of these modifications of G 6 PD have been reported to be under genetic control. There has been a suggestion, however, that at least some of the modifications of G 6 PD in aging cells may be mediated by a peptide factor, and that this peptide factor may act during cell aging to cause changes in enzymes which are coded by other structural loci as well (Kahn et al. 1975) . This is certainly the most suggestive evidence for the existence of any effect of GMPTM on G 6 PD.
Structural data identifying amino acid difference between different G 6 PD alleles has been slowly appearing. The available structural data on the variants G 6 PD(A+ ), G 6 PD(A-), G 6 PD-Hektoen and G 6 PD-Manchester show that each of these variants, which differ by many biochemical criteria from the normal G 6 PD-B allele, are truly the result of amino acid sequence changes caused by mutation at the G 6 PD structural locus (Yoshida 1977) .
Finally, electrophoretic variants of dimeric enzymes usually produce a three banded pattern with relative staining intensity 1:2 :1 in heterozygotes, due to the random aggregation of protein subunits. Activity variation associated with one of the subunits can often be detected as a distortion of this intensity pattern.
In the case of G 6 PD, random X-chromosome inactivation in heterozygous females leads to a double banded pattern, typical of that seen for monomeric enzymes. This occurs because heterodimers cannot be produced because of the cellular segregation of the inactivated copy of the two Xchromosomes into different cell lines. Electrophoretic variation produced by autosomal post-translational modifier genes could possibly lead to the reappearance of a triple (or even a four banded) heterozygous pattern in females. No such G 6 PD variation has been observed. It is possible, however, that because of the dominance relationships hypothesized for GMPTM , only one modifier phenotype would be present in a particular female, and this individual would be interpreted as having the rare completete inactivation of only one of the alleles in all cell lines.
Hemoglobin (Hb)
Hemoglobin is the product of the most extensively characterized set of structural genes in humans. In mammals, hemoglobin exists mainly as a tetramer, formed from the association of two dimers which in turn consist of two genetically distinct polypeptide chains, one alpha-like (a or ) chain, and one beta-like (jS, o, Y or e) chain. With more than 300 human variants hemoglobins described, mutations have been associated with the four principle globin chain loci in the order j9>a>o>7 Kynoch 1976, Bunn, Forget and Ranney 1977) . The hypothesis that "hidden" genetic variation which is not normally detected by standard electrophoretic techniques, but is revealed by such methods as gel sieving, isoelectric focusing, sequential electrophoretic screening, or other biochemical methods, will be enriched for variants which are the product of post-translational modification can be tested by using the extensive body of data available for the reported variants of human hemoglobin. Lehmann and Kynoch (1976) tabulated some 150 variants of the alpha and beta chains of human hemoglobin. Of these variants, at least 30 are considered to be electrophoretically indistinguishable from normal hemoglobin A (Hb-A), the common phenotype, under "standard" electrophoretic conditions, usually cellulose acetate or starch gel electrophoresis in the range of pH 8.5-9.0. An additional 30 variants are indistinguishable from hemoglobin S (Hb-S), the next most frequently observed allelic type, and another 30 are listed as being the same as hemoglobin J (Hb-J). Considering only the results of electrophoresis under a single set of conditions, more than half of the variation at the alpha and beta hemoglobin loci is potentially "hidden" variation under normal screening conditions. We should note that the classification given by Lehmann and Kynoch (1976) represents a qualitative comparison, since many of these variants were never directly compared. However, recent studies by ourselves and others Ferrell 1980, 1983; Ramshaw, Coyne and Lewontin 1979) indicate that a value of about 50% for the proportion of hemoglobin variation which is hidden under a single "standard" screening condition is reasonable.
Detailed structural analysis of the variants listed in Lehmann and Kynoch (1976) has shown that virtually all of this variation is due to single amino acid substitutions at one of the structural loci coding for the polypeptide chains of hemoglobin, the remainder of the variation is due to other mutational events in the structural genes which lead to error in chain termination , or are due to intra-cistronic crossing over, which is inferred to involve previously identified single amino acid mutations.
None of the "hidden" variation revealed for hemoglobins can be attributed to post-translational modification . This conclusion holds not only for the electrephoretic variants of hemoglobin , but also for variants identified because of altered stability, such as the hemoglobins in the class Hb-M, or those variants which have altered oxygen affinity , including Hb-Kansas, Hb-Koln and Hb-Yakima, for example.
Much effort has been expended in attempts to develop multiple-condition screening criteria, which will uniquely identify all or most potential hemoglobin variation, and which would dispense with the necessity of identifying rare variants by means of amino acid sequencing Barwick 1978, 1979) . These methods have included electrophoresis in various media, and at varying pH's, as well as the use of urea gel electrophoresis of the separated globin chains under different pH conditions' Polyacrylamide isoelectric focusing has also been added to the screening criteria used to define different hemoglobin alleles (Burdett and whitehead 1977; Bassett et al. 1978) . These methods have, in fact, proven capable of revealing most of the known "hidden" variants (Fuerst and Ferrell 1980; Ramshaw, Coyne and Lewontin 1979) . A continued deficiency seems to exist among the reported variants for alleles which involve amino acid substitutions that do not cause changes in the net molecular charge of the molecule. This suggests that a further class of hidden structural variants may exist which resists identification by all the screening methods currently employed.
More important, however, for the purposes of the present argument is the fact that multiple screening methods have not produced any findings which suggest that GMPTM contributes to the previous or newly identified variability at the hemoglobin loci. All variants which have been detected during population screening efforts because of their unique migration patterns on multiple electrophoretic conditions have, thus far, always been shown to involve amino acid substitutions at one of the hemoglobin structural loci (Schneider et al. 1976) .
A single survey produced data which may include some variation attributable to GMPTM. This survey investigated the use of heat denaturation to detect new hemoglobin variants (Bernstein, Bowman and Kaptue Noche 1980 Several unique thermostability classes were shown to exist which had possible Mendelian segregation within small family units. Thermostability seemed to show concordant segregation with specific electrophoretic alleles, but thermostability classes greatly outnumbered electrophoretic classes. Whether the data represent structural differences (perhaps being a manifestation of the "missing" neutrally charged alleles) or is the result of GMPTM awaits further study.
A number of specific post-translational modification mechanisms do act on hemoglobin, and do result in shifts in the electrophoretic mobility of the molecule. Several of these have been suggested to be potentially important for in vitro studies, since they may cause electrophoretic artifacts by mechanisms such as the spontaneous interaction between hemoglobin and oxidized glutathione (Huisman and Dozy 1962) or by the enzymatic degradation of the alpha chain by carboxypeptidase B (Marti, Beale and Lehmann 1967; Kohne et al. 1977) . Some of these mechanisms may also operate in aging cells, but if minimal care is taken in the collection of data, none of the mechanisms will result in the misclassification of electrophoretic variability, nor do any "variants" seem to have been inappropriately reported because of such mechanisms.
A more important group of modifications are those which occur in vivo. Reaction of the alpha-amino group of the normal beta chain with various hexoses leads to the production of electrophoretically and chromatographically distinct minor hemoglobins (Bunn et al. 1975) . Because of the elevation of the quantity of these components in diabetics (Bunn, Gabbay and Gallop 1978) , this phenomenon might be interpreted as a quantitative polymorphism in a population in which diabetes is especially frequent. However, these components do not segregate in a Mendelian fashion, and they have not apparently been confused with allelic variants in any population studies.
One additional group of modifications also occur in vivo. Several hemoglobin variants, each of which involve the substitution of asparagine for some other amino acid, sometime appear as two distinct electrophoretic types in a single individual, due to in vivo deamidation of asparagine to aspartic acid (Seid-Akhavan et al. 1976; Moo-Penn et al. 1976 ). The substitution of alanine for valine at the amino terminus of the beta chain has also been shown to result in modified mobility due to the acetylation of the alpha-amino group in the variant hemoglobin Hb-Raleigh (Moo-Penn et al. 1977) . While only this later modification is known to be enzymatically mediated (Jornvall 1975) , none of these post-translational modifications have been confused with genetic variability or genetic polymorphisms at a structural locus of hemoglobin.
For some time, a series of hemoglobinopathies called the thalassemias have been hypothesized to involve regulation of hemoglobin chain synthesis (Weatherall 1978) . These diseases are characterized by a deficiency in the amount of hemoglobin being produced by the erythrocyte.
With the introduction of recombinant DNA techniques, it is now clear that these variants do not, in fact, involve the regulation of transcription or activity by genetic mechanisms.
They are instead caused by either the deletion of a portion of the coding region of one of the globin genes, or involve a mutational change of a nucleotide which prevents the normal processing of introns in the globin precursor messenger-RNA (Weatherall and Clegg 1982) . Finally, we can again cite numerous family studies in which multiple variants are segregating in the same pedigree, and in which the phenotypes of the variant do not depend upon which other alleles are present in an individual or a parent (Steinberg et al. 1974; Tatsis, Sofronidou and Stergiopoulos 1976; Milner et al. 1976; Johnson, Powers and Schroeder 1976; Moo-Penn et al. 1977 ; to name but a few of many studies). Examination of Table 2, giving the expectations for an autosomal structural locus and an autosomal modifier locus suggests that if GMPTM were an important contributor to the variation reported for the hemoglobins, families representing types 4, 5, 6, or 9 should have been reported. To our knowledge, they have not.
Alpha-1-antitrypsin (Pi)
This serum protein is the major circulating inhibitor of serine proteases in human plasma (the designation Pi comes from protease inhibitor). An inherited deficiency state for alpha-l-antitrypsin has been shown to be related to the development of pulmonary emphysema and hepatic cirrhosis (Morse 1978) . Several allelic variants at the Pi locus have been identified using acid starch electrophoresis combined with crossed agarose immunoelectrophoresis (Fagerhol and Laurell 1967) . The protein appears as a series of six to eight bands under these conditions. Studies indicate that the various isozymes all have the same basic molecular size, with molecular weights of about 53,000 daltons Yoshida and Wessels 1978) . Recently, however, it has been found that minor differences between alleles may occur which reflect differences in the incorporation of neutrally charged sugars (Brown, 1982) . The native molecule appears to function as a monomer.
The electrophoresic phenotype of Pi can be altered by treating the protein with neuraminidase, suggesting that the various Pi isozymes differ in the number of attached sialic acid residues (Headings and Bose 1974; Cox 1975a ). Yoshida and Wessels (1978) presented evidence that the six major electrophoretic components of Pi differ by steps of a single sialic acid residue each. In the deficiency allele, Pi-Z, isozymes apparently lack one or two sialic acid residues compared to corresponding isozymes in the normal, Pi-M, allele (Cox 1975a which facilitates carbohydrate attachment to the protein core (Headings and Bose 1974) . Reports of new rare alleles at the locus increased dramatically following the introduction of isoelectric focusing methods to the study of Pi (Keuppers 1976 (Keuppers , 1978 VandenBroek et al. 1976; Frants and Eriksson 1976; Arnaud et al. 1978a, b and others) . In addition, much work has been expended upon quantitative studies of Pi levels in serum, which have domonstrated that most alleles show different quantitative patterns (Arnaud et al. 1978a; Fagerhol 1978; Kueppers 1978) and that quantitative alleles exist within the common electrophoretic phenotypes (Cox 1975b; Lie-Info 1976 ; Keuppers, Utz and Simon 1977). All of this information suggests that the Pi system should be ideal for the search for evidence of GMPTM in man.
Despite this potential, Pi apparently provides no evidence to support the importance of genetically-mediated post-translational modification. The most promising candidate to be a major "allele" resulting from GMPTM, the deficiency Pi-Z allele, has been shown to differ from the predominant Pi-M allele by the substitution of a lysine for a glutamyl residue (Jeppson 1976; Yoshida et al. 1976 ). The change apparently blocks the normal sialylation of the protein and results in the difference in sialic acid content which was previously mentioned. The substitution causes both an alteration of the electrophoretic mobility of the protein, due to the amino acid substitution, and the alteration of the isozyme pattern, because of the lack of those isozyme bands which contain the greatest number of sialic acid residues. The second most common allele of Pi, Pi-S, which is electrophoretically different from both Pi-Z and Pi-M, and which produces intermediate levels of the protein in serum, has been characterized by peptide mapping, and differs from the Pi-M allele by the substitution of valine for glutamic acid . This substitution has resulted in an electrophoretic shift of all bands, associated with the amino acid substitution.
There is not, however, any accompanying change in the multi-band configuration of isozymes, because there is no change in sialylation (Owen and Carrell 1976) .
Most impressive for the evidence of this paper, however, are studies concerning two alleles which were originally detected using isoelectric focusing. One allele, Pi-BAlhambra' is a very rare anodic variant. Biochemical studies indicate that the allele possess normal trypsin inhibitory capacity (Yoshida, Chillar and Taylor 1979) . Structural studies, using peptide analysis, show that the allele Pi-BAdhambra differs from the standard Pi-Ml allele by two amino acid substitutions, Lysine-~Asparagine, and Glutamine--Asparagine, which occur in different peptides (Yoshida, Chillar and Taylor 1979) . A second allele, Pi-M2, is detectable only by using isoelectric focusing. It also has normal trypsin inhibitory capacity.
This allele, however, is apparently common in most populations, reaching frequencies of almost 0.2 (Kueppers and Christo-pherson 1978) . Peptide analysis of the Pi-M2 allele shows that it differs from the standard Pi-M1 allele by a substitution of aspartic acid for glutamic acid in one residue (Yoshida, Taylor and VandenBroek 1979) . This substitution, which involves no change in the net molecular charge of the molecule, was undetectable under the electrophoretic conditions used prior to the introduction of isoelectric focusing. The data thus show that all alleles which have been studied do differ by amino acid changes in the structural sequences of the protein.
The only suggestion of any abnormal segregation for Pi involves the apparent increase in the transmission of the Pi-Z allele for some heterozygotes (Chapuis-Cellier and Arnaud 1979; Iammarino, Wagener and Allen 1979). This has not, however, been seen in all studies (Cook 1975; Saugier et al. 1977; Constans, Chakraborty and Majunder 1983) . The observation of abnormal segregation ratios may result from an undefined effect of the Pi deficiency in Pi-Z-bearing sperm, since the pattern of altered transmission seems to be seen only for heterozygous males (Chapuis-Cellier and Arnaud 1979; Iammarino et al. 1979) . In this one instance, the possibility of some interaction between the Pi locus and other loci cannot be ruled out. Nevertheless, these interactions would not effect the heterozygosity levels estimated for the structural locus.
Examination of the data cited above for studies on the Pi-Z allele, however, demonstrate that there is no alteration of the electrophoretic phenotypes in families which would be consistent with the patterns predicted from the existence of modifier heterozygosity seen in Table 1 . There has been no report of discordant transmission of trypsin inhibitory activity and electrophoretic type, nor any evidence that allele identification depends upon the presence of other alleles (Cook 1975; Kueppers 1978; VandenBroek et al. 1976; Cleve et al. 1979 ).
Other Specific Genetic Loci (Ca1 and PGK)
Information which is less extensive, but similar in kind to the data summarized above for G6PD, Hb and Pi is available concerning the relationship between mobility, activity and structural differences for at least two other loci, carbonic anhydrase-1(Ca1) and Phosphoglycerate kinase (PGK). Carbonic anhydrase is an enzyme responsible for maintaining correct serum pH in the serum. Several rare alleles exist at the CA1 locus which have subtle but detectable electrophoretic differences (Tashian and Carter 1976) . Several of these alleles also show altered activity or stability. Six of the variants have been studied structurally by amino acid sequencing, and compared with the CA1-1 allele. For each variant, differences from the normal allele could be attributed to a single nucleotide change which would cause an amino acid substitution. An analogous situation exists for the PGK locus, an enzyme in the glycolytic pathway. One variant allele was discovered which was indistinguishable from the PGK type allele under electrophoretic conditions which do not include citrate in the starch gel buffer (Yoshida et al. 1972) . Structural studies indicate that this variant differs from the common allele, PGKI, by a neutrally charged substitution (asparagine-~threonine).
Activity of the variant and the normal allele are identical. No data exist for either Cal or PGK from families in which multiple rare variants are segregating.
However, structural data suggest that GMPTM plays no role in the variation for the loci.
Mechanisms of post-translational modification for other human enzymes
The genetic systems reviewed above represent the most extensive body of data from humans for which inferences can be drawn concerning genetic control of post-translational modification. Geneticists have studied numerous other proteins in which post-translational modification could be a potential factor determining isozyme patterns seen using electrophoresis. We will review some of this data, evaluating it in light of the same questions which were used for the data from G6PD, Hb, and Pi; we can consider whether modifications of any sort occur and are detectable, whether activity or stability differences between presumed allelic variants have been reported, and finally whether information on primary structure or pedigree information implicate genetic factors other than structural gene variation in modifications which are observed.
What type of modifications occur? Harris and Hopkinson (1977) summarized information for 130 enzyme loci. An examination of the descriptions of each enzyme system indicates that over half the loci show electrophoretic behavior under some conditions which could be the result of post-translational modification, and which might occur either in vivo or in vitro. For some loci, additional isozymes are clearly in vitro products which resulted from the conditions of storage of a sample. This effect is seen in systems such as isocitrate dehydrogenase, phosphogluconate dehydrogenase or the carbonic anhydrases.
Other loci are known to be marked by an increased number of secondary isozymes which accompany tissue aging, an effect which is especially evident when erythrocytes are studied. Such changes are characteristic of nucleoside phosphorylase. Some enzymes show isozyme patterns which can be modified by neuraminidase treatment, suggesting the presence of sialic acid residues attached to the protein. Electrophoretic patterns for these loci are potentially modifiable in vivo by sialic acid cleavage, which could result in a change in molecular charge without any alteration in the underlying amino acid sequence. Some of the loci falling into this category include the amylases and acid phosphatases.
For none of these modifications has there been any evidence presented to indicate that genetic factors exist at significant frequencies which alter or mediate the post-translational changes which normally take place.
Activity variants and null alleles
Many loci are now being studied using methods which assess the enzymatic activity of different variants. The activity is a continuous trait, so that the definition of a variant with reduced or even "null" activity is somewhat arbitrary (Mohrenweiser 1983) .
The "null" or "silent" allele class of alleles is particularly likely to include some variants which may be the product of post-translational modification. Such alleles are known for at least f ourty of the loci reviewed by Harris and Hopkinson (1977) , primarily because they are associated with a pathological phenotype. Because of their frequent pathological effect, the possibility for observing a homozygote excess (one of the predictions of GMPTM, according to ) is large. This is because the affected individual is usually identified through the health care system, because they suffer from ill health due to absence of the enzyme (because of homozygosity for the null allele), and are not being ascertained as part of a random population survey.
Electrophoretic mobility for silent alleles may be difficult to determine, because the residual activity of the enzyme is often so low that no bands appear following electrophoresis.
On the other hand, considerable family information is often available because of the health problems posed by the allele. For over half the loci listed in Harris and Hopkinson (1977) at which silent alleles appear, family studies have been conducted which include the measurement of enzyme activity in relative of the affected putative homozygote. In all cases, individuals in the pedigree who should have been heterozygotes did exhibit activity levels which are intermediate between normal levels and the levels measured in the null homozygotes.
These results suggest that the cause of the enzyme defect resides at the structural locus, and is not the result of a modification.
More recently, several surveys have been conducted specifically to identify deficiency variants for enzyme loci (Mohrenweiser 1981; Satoh et al. 1983; Mohrenweiser and Neel 1984) . At all loci which were assayed, deficiency and activity variants were found. All fall into the class of rare alleles, with an average frequency of about 2-3/1000 gene products surveyed. In almost all cases, family studies confirmed that variant alleles which appeared in a child were also present in the parents. One possible exception to this finding, however, is suggested by family studies of the pyruvate kinase (PK) deficiency in Japanese (Satoh et al. 1983; Miwa et al. 1980; Ishida et al. 1981) . PK deficiency causes an anemia, which is associated with null activity in Caucasians in homozygotes, and no disease, but intermediate enzyme levels in heterozygotes (Valentine, Tanaka and Miwa 1961) . In Japanese, at least seven different PK alleles with decreased activity have been identified (Miwa et al. 1980) . These alleles retain some PK activity, in contrast to the null allele found in Caucasians, and consequently family studies often do not indicate significant reduction of PK activity in either parent of an affected individual. Affected individuals may, however, show quite high activity levels, suggesting heterozygosity for different variants may be the ultimate cause of the disease in many Japanese, not homozygosity for a null allele. Further work on this system to determine whether all low activity alleles are the result of the PK structural gene are necessary to resolve the issue satisfactorily.
We should note that although these rare alleles have low activity, they do not seem to affect the thermostability of the enzyme (Satoh et al. 1985) .
We should note one aspect of the hypothesis of GMPTM that applies to all of the null or activity alleles, and for the thermostability alleles to be discussed below, in human populations. This has to do with the problem of allele specific modification raised by Johnson and Finnerty (1979a) . Since virtually all of these alleles have been detected in at least some individuals as heterozygotes, we must assume that there does exist structural differences between the alleles in an individual (since we assume that modifier allele interaction occurs in a dominant fashion). The only alternative is to assume that we are dealing with cis-acting modifiers. Only for the small number of enzymes in man in which two alleles are relatively common (such as acid phosphatase or phosphoglucomutase-1) could allele specific modification be considered a potential confounding factor.
In addition to null alleles, there are other allelic variants for which the alteration of enzyme activity is less severe. In addition to the studies of Mohrenweiser (1981) and Satoh et al. (1983) which looked at an array of enzymes, variants have been reported for pyridoxine kinase (Chern and Beutler 1976) , inosine triphosphatase (Vanderheiden 1969) , phosphoglucose isomerase (Satoh and Mohrenweiser 1979) , and glutamic oxaloacetic transaminase (Wurzinger and Mohrenweiser 1982) . In all of these studies, the inheritance of a variant without alteration of the activity pattern was confirmed in family studies. Finally, it should be noted that care must be taken in collecting data on enzyme activity, since there are known cases in which deficiency of a cofactor can cause an apparent loss of activity in a structural gene when none exists. This has been reported for glutatione reductase (Glatzle et al. 1974 ).
Stability variants
At several loci, variants have been reported which alter the thermostability or pH stability of the enzyme without having any major effect upon the electrophoretic mobility. We have already noted that this class of mutations occurs frequently for G6PD. Satoh and Mohrenweiser (1979) made a detailed study of the thermostability of variants for phosphoglucose isomerase which had been identified by activity criterion (see the last section), using a method of heat denaturation.
Twenty-two heterozygous individuals for the normal allele (GPI-1) and an electromorph with altered activity (GPI 4HIR) were examined. The (GPI-4HIR) electrophoretic phenotype could be subdivided into three distinct thermal stability phenotypes. In all three classes, family studies showed that segregation of the electrophoretic phenotype was concordant with the thermal stability phenotype. Denaturation studies carried out in 5M urea confirmed the stability phenotypes, and the differences between the normal GPI-1 class and the three subclasses of the GPI4HIR electromorph.
The most parsimonious interpretation of these results is that all observed variation is due to multiple alleles at the single structural locus for GPI.
These studies have been extended through population studies to other loci (Mohrenweiser and Neel 1981; Satoh et al. 1985) . Seven different enzyme systems have been studied, and all systems have been found to contain thermostability variants. In every case where family studies could be performed, the results were consistent with a normal segregation of the thermostability variant, and not the segregation of unusual phenotypes predicted by Tables  1 and 2. Positive evidence for GMPTM Two loci may represent the only potential positive evidence in favor of a significant contribution of GMPTM to the genetic variability of a structural locus in human populations.
The reported polymorphism at the alpha-2-HS glycoprotein locus in human populations may represent such a case, since it seems to involve changes in non-protein moieties between alleles. This polymorphism is detected using two-dimensional electrophoresis (Anderson and Anderson 1979) . The polymorphism consists of two alleles, the products of which clearly differ by carbohydrate content. It is not known what amino acid differences may exist between the alleles, so that a structural gene mutation has been neither confirmed nor ruled out.
A second case involves the interesting situation of the salivary amylases (AMYL) reported by Karn et al. (1973) . However, the enzyme catalyzing this process is produced not by another locus in the human genome, but rather by the bacterial flora in the mouth.
All isozymes can be ultimately traced back to the single product of one structural gene locus, and all presumptive alleles at this locus behave in a normal Mendelian manner within families, this system represents, however, a likely source of future evidence in favor of an effect of GMPTM.
POPULATION SURVEY DATA ON RARE ALLELES
Post-translational modification was suggested by and Johnson (1979) to explain a presumed excess of rare alleles, and the existence of these rare alleles as presumptive homozygotes in gel sieving studies inDrosophila.
The observation of "excess" rare alleles at protein loci in man is not, however, limited to techniques such as gel sieving, which are designed to reveal "hidden" electrophoretic variation during surveys . Chakraborty, Fuerst and Nei (1980) reported a detailed examination of the distribution of rare alleles in natural population which were identified using standard electrophoretic screening conditions. Human populations had the greatest excess of rare alleles among the 36 populations (26 species) of mammals examined. Humans were among the most deviant of all 138 populations examined in the study. If GMPTM is really an important source of such excess in rare alleles, we would expect evidence for this to be found by examining the rare alleles obtained in population surveys.
Homozygosity for rare alleles
From the arguments put forth by Johnson (1979) and , rare alleles should appear most often as presumptive homozygotes, because of the dominance relationships at the modifier loci involved in GMPTM.
A review of the available data on humans, summarized in Harris and Hopkinson (1977) has not revealed any instances of multiple homozygosity in the same individual for rare variants at different loci. Such cases would suggest that the products of several genes were being modified at the same time, perhaps due to alterations mediated by a gene coding for a glycosyl transf erase, a glucosidase, or some other enzyme responsible for side chain degradation (0'Brien and Neufeld 1972). Alternatively, there could be a gene in man similar to that found by Finnerty, McCarron and Johnson (1979) which adds some cofactor to different enzymes. If genetic variation in such modifying mechanisms were common, an excess of rare "homozygous" electrophoretic (or activity or stability) types would be expected (see Tables 1 and 2) . Such an expectation is not supported for the human data. For virtually every locus listed in Harris and Hopkinson (1977) at which rare electrophoretic types have been reported, the rare allele was present in heterozygous combination with a common allele of the system. This makes the problem of allele specific modification as raised by Johnson and Finnerty (1979a) irrelevant, since heterozygosity for the rare electrophoretic type implies that there must be underlying structural differences between the alleles at the locus being modified (or else we are dealing with a cis-acting modifier).
At the population level, in a survey of genetic variation at 22 loci in the Japanese population, summarized by Neel et al. (1978) , a total of 37 rare alleles were encountered in 174 individuals. All individuals showed apparent codominant expression of the alleles. In 85 cases, family studies confirmed the genetic character of the variants, while no case of distorted or aberrant segregation was encountered.
Aberrant segregation would be expected in at least some cases if there were independent assortment of structural and modifier genes as detailed in Tables 1 and 2 . At the transferrin locus, eight rare alleles were seen in 84 individuals.
In matings between individuals heterozygous for different transferrin alleles, electrophoretic patterns expected for the inheritance of two codominant alleles at the transferrin structural locus were seen in all cases. At the phosphoglucomutase-1 locus, 8 rare alleles, in addition to the two common alleles were observed in 68 individuals. Again, all matings which involved different alleles showed inheritance patterns typical of codominant alleles at the structural gene locus, and did not show the patterns expected from Table 2 if modifier variation were present.
Other population studies involving twenty or more protein loci in thousands of individuals have revealed polymorphism at many loci, and the existence of rare alleles at virtually all loci without yielding and evidence that genetically mediated post-translational modification is responsible for the reported electrophoretic variation (Neel et al. 1978; Ferrell et al. 1978 Ferrell et al. , 1979 ; studies summarized by Harris, Hopkinson and Robson 1973) . Johnson (1979) and Finnerty and Johnson (1980) have assumed that the overall level of variation seen for electrophoretic surveys is too large to be explained by most theories of population genetics. They assume that much "hidden" variability remains to be uncovered . As Neel (1984) has pointed out, in human populations this does not seem to be the case. We may already have uncovered between 65-75% of existing protein variation with one or two screening techniques. Instead the problem may be, as stated by Nei (1980) that variation is too low to be explained by the existing population genetic theory. 
SOMATIC CELL HYBRIDIZATION STUDIES
Interspecific hybridization using somatic cells derived from man and rodents has led to the chromosomal assignment of a large number of human structural gene loci (Ruddle 1972; Shows and McAlpine 1979) . While intrapopulation variation at loci mediating post-translational modification might be difficult to detect if it were at low frequency, somatic cell hybrids in which there is random segregation of human chromosomes in derivative clones should reveal any modifier loci which alter electrophoretic mobility at the non-syntenic primary structural gene products of interest. A review of the published data on gene assignments involving the electrophoretic analysis of somatic cell hybrids reveals that shifts in electrophoretic mobility caused by the hybridization of protein subunits between the rodent and human gene products in multimeric enzymes are easily detected (Shows 1972; Franke 1976) . So, too, are shifts occuring because of the loss of a gene coding for one of the polypeptides in the cases of heteropolymeric enzymes (LDH, hexosaminidase, etc. ). However, with the possible exception of the independent segregation of the structural locus for adenosine deaminase (ADA, found on chromosome 20) and a gene coding for the ADA complexing protein (found on chromosome 6), no independently segregating locus causing a post-translational modification seems to be present in these hybrids (Koch and Shows 1978) . The existence of modification of ADA has not been confused with the typing of the structural gene polymorphism at the ADA locus.
OTHER CLASSES OF LOCI
The arguments presented in this paper are meant to apply only to the search for the effect of GMPTM on the estimated levels of electrophoretic variability for enzymes and soluble proteins in man. Virtually no information exists concerning levels of genetic variation of membrane bound proteins. Some data has been collected using two dimensional electrophoresis (Comings 1979; McConkey, Taylor and Phan 1979; Smith, Racine and Langley 1980) , although the interpretation of the resolving power of 2-D electrophoresis remains somewhat questionable (Edwards and Hopkinson 1980; Warner, Neel and Meisler 1982; McLellan, Ames and Nikaido 1983) . We can say nothing concerning possible effects of GMPTM on levels of variation estimated using these techniques.
Other genetic markers, especially immunologically detected systems such as the blood groups, may also differ from enzymes. Most blood groups seem to consists of membrane bound glycoproteins (Race and Sanger 1975) . Antigenic differences are often conferred by differences in the attached oligosaccharide moiety (Watkins 1966) . The relationship of these carbohydrate differences to underlying DNA structural variability has not been worked out completely for most blood group systems. For instance, for the ABO blood group system, several different enzymes appear to be involved (see Race and Sanger 1975, pp. 59-63) . The structural relationships among the various enzymes involved have not yet been elucidated, and the problem of explaining how enzymes with different specificities can appear to be allelic remains unresolved. Although it appears that the "allelic" variants of each blood group map to the same physical location, the possibility of GMPTM exists for such systems. However, since these loci have not normally been included in estimates of average genic heterozygosity in man (Harris and Hopkinson 1972; Nei and Roychoudhury 1974, 1982 ) and certainly have not been included in the estimates for other organisms, they do not alter our conclusions that GMPTM is not an important contributor to estimated genic variability in human populations.
DISCUSSION
Theoretically, the existence of sialic acid residues and other oligosaccharide moieties attached to many proteins provide ample opportunity for post-translational modification (Uy and Wold 1977) . Many of these modifications would be enzymatically mediated. It is clear that in many cases, glycosyl transf erases mediate the addition of a single specific sugar to an incomplete oligosaccharide side chain of the glycoprotein (O'Brien and Neufeld 1972) . In other cases, it has been suggested that oligosaccharide chains are prefabricated and transferred intact to the protein acceptor, again presumably through the action of a transferase (Kennarz 1975) . Other enzymes would, of course, then be involved in the fabrication of the oligosaccharide units. Irrespective of the method of synthesis, however, it is likely that the enzyme involved in the modification will specifically alter the products of more than a single genetic locus. In fact, the system presented by Finnnerty and Johnson (1979) in Drosophila melanogaster illustrates the pleiotrophic potential of modification, wherein the activities and stabilities of two genetic loci (Xdh and AO) were affected by the same modifier.
The existence of genetically determined, dominantly inherited post-translational modification of structural gene products has been observed in a number of vertebrate species. Law (1967) has shown that coordinate inheritance of electrophoretic variants of plasma alkaline phosphatase and leucine aminopeptidase in inbred lines of chickens was best explained by inheritance of an allele at a third locus controlling the attachment of sialic acid residues to both these enzymes. In the SM JJ strain of the mouse, anodal migrating forms of three lysosomal enzymes are observed in the liver: acid phosphatase (Lalley and Shows 1977) , alpha-mannosidase (Dizik and Elliott 1978) and acrylsulf tase B (Daniel et al. 1979) . Genes involved in the post-translational modification of lysosomal enzymes have been implicated in each of these systems, and the variants at each of the loci have been mapped to approximately the same region of mouse chromosome 17 (Dizik and Elliott 1978; Daniel et al. 1979; Womack and Eichen 1977) . The electrophoretic mobility of each of the enzymes in the SM JJ strain can be converted to the pattern seen in other mouse strains by in vitro treatment of the enzymes with bacterial neuraminidase. Poitier et al. (1979) have demonstrated that in the SMJJ mouse the liver is deficient in a specific component of neuraminidase and suggest that the deficiency leads to changes in post-translational processing of the lysosomal enzymes. The failure to cleave sialic acid residues from these proteins during or after transfer of the enzymes to the lysosomes accounts for the variant electrophoretic patterns.
Estimation of the levels of genetic variation in natural populations continues to be an important issue in population genetics. The recent uncovering of "hidden" variation at a variety of loci is not unexpected , since difference in electrophoretic mobility are largely determined by changes in the net molecular charge of a protein (Fuerst and Ferre111980) and only a fraction of the possible amino acid substitutions are expected to lead to changes in the net charge. Nei and Chakraborty (1976) have shown theoretically that the expected number of hidden alleles at a locus depends on population size, mutation rate and sample size. Their analyses assumed that only alleles with unit charge differences between them will be detected (the step-mutation model of Ohta and Kimura 1973) , the actual degree of detectability for standard electrophoretic methods is somewhat greater than assumed by this model (Fuerst and Ferrell 1980) , but it can be shown that many theoretical results are not qualitatively altered as long as the proportion of non-detectable substitutions is not very small (Li 1976) . With the possible exception of the variation detected by gel sieving methods (Johnson 1975) , which have not been extensively applied in population screening, the findings with respect to the level of "hidden" genetic variability in natural populations are not grossly different from what is theoretically expected (Nei and Chakraborty 1976; Selander and Whittam 1983) .
While the functional significance of these levels of variability remain the subject of active research and debate, it seems clear that the genetic variation presently observed in human population results predominantly from single nucleotide substitutions in structural cistrons determining the amino acid sequence of the proteins being examined, and that GMPTM is neither required to explain anamolies of the patterns of variation, nor supported by any data. Ultimately, we must conclude that the studies which we have reviewed provide no evidence favoring an important contribution of GMPTM to the estimated levels of genic variability for enzymes or proteins in human populations.
9. SUMMARY AND CONCLUSIONS 1. Data on genetic variability for enzymes and proteins in humans were examined from several different perspectives concerning the hypothesis that dominantly inherited genetically mediated post-translational modifiers (GMPTM) contribute significantly to the measured levels of genic heterozygosity in man. 2. Three proteins, Glucose-6-phosphate dehydrogenase, Hemoglobin and Alpha-1-antitrypsin were extensively examined because of the large amount of information available from studies on these proteins.
Other loci were briefly reviewed. No evidence was uncovered suggesting that GMPTM has contributed to previous estimates of genetic variability at these proteins, or that techniques of uncovering "hidden" variability have been misleading by attributing all variant alleles to structural modifications coded directly by the locus under consideration.
3. The familial inheritance patterns expected when both structural and modifier variability exist in the population are given (Tables 1 and 2 ) . It is concluded that is genetic variation is moderately frequent for both types of loci, aberrant Mendelian segregation should be easy to observe. Such unusual family material is notable only by its absence.
4, when multiple characteristics of rare alleles are examined, such as biochemical activity, electrophoretic mobility under various conditions, molecular stability, etc., family data invariably demonstrates the co-segregation of properties. In contrast to the assertion of proponents of GMPTM, there is no apparent excess of homozygotes for rare alleles in human, even when alleles are identified using non-standard screening methods.
5. When the structural basis of variability has been determined (especially for data on hemoglobins) the variant phenotype, either electrophoretic or functional, is always explained by amino acid differences between alleles.
6. Data from population surveys in man and from human/rodent somatic cell hybrids also fail to suggest an important role for GMPTM.
7. Finally, post-translational mechanisms do affect each of the loci reviewed. Although electrophoretic phenotypes are often altered during cell aging, sample storage, etc., these changes are not genetically mediated, and there is no evidence that measures of genic variability have been biased because of GMPTM.
